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The observation of a compact object with a mass of 2.50 − 2.67M on August 14, 2019, by the
LIGO Scientific and Virgo collaborations (LVC) has the potential to improve our understanding of
the supranuclear equation of state. While the gravitational-wave analysis of the LVC suggests that
GW190814 likely was a binary black hole system, the secondary component could also have been
the heaviest neutron star observed to date. We use our previously derived nuclear-physics–multi-
messenger astrophysics framework to address the nature of this object. Based on our findings, we
determine GW190814 to be a binary black hole merger with a probability of > 99.9%. Even if we
weaken previously employed constraints on the maximum mass of neutron stars, the probability of a
binary black hole origin is still ∼ 86%. Furthermore, we study the impact that this observation has
on our understanding of the nuclear equation of state by analyzing the allowed region in the mass-
radius diagram of neutron stars for both a binary black hole or neutron star - black hole scenario.
We find that the unlikely scenario in which the secondary object was a neutron star requires rather
stiff equations of state with a maximum speed of sound cs ≥
√
0.6 times the speed of light, while
the binary black hole scenario does not offer any new insight.
Introduction - Neutron stars (NSs) are the densest
objects in the observable universe and allow us to probe
matter under the most extreme conditions realized in na-
ture. In particular, NSs close to the maximum mass, i.e.,
the highest mass Mmax that can be supported against
gravitational collapse to a black hole (BH), truly probe
matter at its limits. Even though NS masses could histor-
ically be inferred quite accurately through timing mea-
surements [1], the exact value ofMmax is still not known.
For a long time, because observed NSs had masses around
1.4M, one assumed that Mmax was not much higher.
However, this situation changed with several observa-
tions of pulsars with M ∼ 2M in the last decade:
PSR 1614-2230 with M = 1.908 ± 0.016M [2–4], PSR
J0348+0432 with a mass of M = 2.01± 0.04M [5], and
MSP J0740+6620 with a mass ofM = 2.14±0.10M [6].
These observations firmly established that the equation
of state (EOS) of NSs has to be sufficiently stiff to support
such heavy stars. Combining the likelihoods for these
three observations, they provide a strong lower bound
Mmax ≥ 2.03M at 90% confidence [7]. An upper bound
onMmax, on the other hand, is impossible to obtain from
NS mass measurements alone. Assuming that BH and
NS mass distributions do not overlap, it might be ex-
tracted from population studies or observations of BHs,
e.g., Refs. [8–10], or from nuclear-physics considerations,
e.g., Refs. [11, 12].
In addition, the first observation of a binary neutron-
star (BNS) merger, GW170817 [13, 14] by the LIGO
Scientific- and Virgo collaborations (LVC), and the ob-
servations of the associated kilonova, AT2017gfo, and the
short gamma-ray burst, GRB170817A, [15], led several
groups to propose upper limits on Mmax, e.g., [16–18].
These bounds are based on the conjecture that the ejecta
properties disfavor both a prompt collapse to a BH as
well as a long-lived NS. This delayed-collapse scenario,
with an expected remnant lifetime of several 100 mil-
liseconds [19], provides an upper limit on Mmax, because
larger Mmax typically lead to longer remnant lifetimes,
e.g., Refs. [20, 21]. Given the observed remnant mass of
MR = 2.7M [13, 14], limits on Mmax have been pro-
posed in the range 2.3 − 2.4 M, see, e.g., Refs. [16–
18, 22–25]. While generally robust, these upper limits on
Mmax are based on numerical simulations and on the rea-
sonable but unproven assumption that the final remnant
was a BH.
A recent detection by Advanced LIGO [26] and Ad-
vanced Virgo [27] adds a fascinating new piece of in-
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2formation to this puzzle. In its third observing run,
on August 14, 2019, the LVC discovered gravitational
waves (GWs) from a binary compact-object merger of a
22.2−24.3M BH with an unidentified compact compan-
ion of 2.50−2.67M [28]. While in future, gravitational-
wave detectors might be able to distinguish the type of
the event and, in particular, identify the secondary com-
ponent purely based on the GW signal [29, 30], this was
not possible for GW190814 due to the large mass ra-
tio q ≡ m1/m2 ≥ 1 of the event. The tidal deforma-
bility of a binary black-hole (BBH) system, Λ˜ = 0,
is almost indistinguishable from a NS-BH merger with
Λ˜ = 1613ΛNS(1 + 12q)/(1 + q)
5 . 10−2 for the given sys-
tem parameters, where ΛNS is the NS tidal deformability.
In addition, also the missing electromagnetic counterpart
does not provide additional information because from a
NS-BH system with such a heavy primary component no
electromagnetic signal is likely to be detected, unless the
BH has a very high spin [31–34]. This is disfavored for
GW190814 with the primary spin magnitude bounded to
be χ1 < 0.07 at 90% confidence [28]. Therefore, from ob-
servations alone, it cannot be determined if the secondary
component of GW190814 is the lightest BH or the heav-
iest NS discovered to date, and its nature needs to be
constrained differently. Using the GW170817-informed
EOS samples of Ref. [35], obtained with a spectral EOS
parametrization [36–38], the LVC found the probability
for GW190814 to be a NS-BH merger is less than 3% [28].
Using EOS-independent pulsar-mass distributions [10],
they also reported a probability of less than 29%.
Additional information on the nature of the secondary
component of GW190814 might be obtained by consid-
ering the many new pieces of NS data obtained in the
last years. Besides mass measurements and observa-
tions of gravitational waves from BNS mergers, improved
nuclear-physics constraints with uncertainty estimates
from chiral effective field theory (EFT) [39–44], recent
X-ray observations by the NICER collaboration [45, 46],
or detailed modeling of the kilonova associated with
GW170817 [47, 48] allow to reduce the uncertainty on
the EOS [7, 49–61], cf. Ref. [62] for a recent review.
For example, Ref. [63] addressed GW190814 by using
a mass-based classification scheme employing Bayesian
model selection and informed by compact-object pop-
ulations and posteriors on Mmax from the EOS model
of Ref. [59], which includes information from mass mea-
surements, BNS mergers, and NICER. They found the
probability of GW190814 to be a NS-BH merger to be
less than 6%, and less than 0.1% when they additionally
enforced the limit on Mmax from Ref. [23].
Here, we go further and use the Nuclear Physics
– Multi-Messenger Astrophysics (NMMA) framework
developed in Ref. [7], which employs all of the additional
sources of observational data (NS masses, GW data
from GW170817 and GW190425, NICER data, and
detailed kilonova modeling of GW170817) as well as
EOS constrained by modern nuclear-physics theory,
to analyze GW190814 and identify the nature of its
secondary component. We investigate the two different
scenarios and also determine their constraints on the
NS EOS. Our study strongly suggests that GW190814
was a BBH and not a NS-BH merger, see also similar
conclusions in Refs. [28, 63, 64]. To be conservative, we
perform our analysis with and without assuming upper
limits on Mmax obtained from GW170817. We find
that the existence of a heavy NS in GW190814 leads to
tension with current nuclear-physics constraints, see also
Ref. [65, 66].
Analysis - Our analysis starts from the NMMA frame-
work introduced in Ref. [7]. This approach is based on
a set of 5000 EOSs that are constrained below 1.5 times
the nuclear saturation density, nsat ≈ 2.7 · 1014g/cm3
by state-of-the-art microscopic calculations using chiral
EFT [67, 68]. Chiral EFT is a systematic theory for
nuclear interactions that allows to quantify theoretical
uncertainties [69, 70], and is valid at densities below
1−2nsat [44, 60], although the exact breakdown of chiral
EFT is an open problem. Our NMMA EOS set is con-
strained below 1.5nsat by Quantum Monte Carlo (QMC)
calculations [71] employing local chiral EFT interactions
of Refs. [41, 72, 73]. Since NSs explore densities of several
times nsat, we extend the EOSs beyond 1.5nsat using the
parametric speed-of-sound extension scheme developed
in Refs. [74, 75], but see also Refs. [54, 76] for different
speed-of-sound schemes, Refs. [39, 77–79] for polytropic,
Refs. [36–38] for spectral, and Refs. [59, 60, 80, 81] for
nonparametric extension schemes.
Using Bayesian inference, these EOSs are analyzed
with respect to their agreement with the posteriors on
Mmax from heavy-pulsar observations [2, 5, 6], the upper
limit on Mmax (Mupmax = 2.16
+0.17
−0.15M) from Ref. [18],
the full mass-radius posterior from the NICER observa-
tion of PSR J0030+0451 [45, 46], the GW observations
of GW170817 [13, 14] and GW190425 [82], and the kilo-
nova observation AT2017gfo [15], where both the pulsar
mass measurements and the upper limit onMmax are ap-
proximated with Gaussian likelihoods. Hence, the poste-
rior of the NMMA analysis takes into account a wealth
of available data on NSs; cf. [7] for detailed information
and discussions. From the 5000 initial EOSs analyzed in
Ref. [7], about 20% are within the 95% credible interval
given all observational constraints. Our analyses allowed
us to constrain the radius of a typical 1.4M NS, R1.4,
to be R1.4 = 11.7+1.0−0.8 km [7].
We now use the posterior of our NMMA analysis
to investigate the nature of GW190814. In particular,
we study four scenarios. In the first scenario, NSBH1,
we assume that GW190814 was a NS-BH merger.
Hence, GW190814 leads to an additional lower limit
on Mmax. Even though rotation could stabilize such
a heavy NS against gravitational collapse for a lower
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FIG. 1. Upper panel: Posteriors on the maximum mass of
NSs, Mmax, from the NMMA analysis of Ref. [7] when enforc-
ing the upper limit on Mmax from Ref. [18] (blue) and when
relaxing this constraint (orange). We compare with the pos-
terior on the mass of the secondary component of GW190814,
assuming its spin χ2 < 0.05 (green) or with no limit on χ2
(black). Lower panel: The resulting posteriors on Mmax for
our four scenarios.
Mmax [18, 64, 83], the long lifetimes of BNS systems sug-
gest NS spins to be small. Therefore, we adopt the same
low-spin prior used in the LVC studies, χ2 < 0.05 [13, 84],
suggesting Mmax ≥ 2.5M at 90% confidence. Because
upper limits on Mmax from GW170817 might suffer from
systematic uncertainties and are based on assumptions
about the fate of the remnant, in the second scenario,
NSBH2, we again assume that GW190814 was a NS-BH
merger but relax the upper bound on Mmax of Ref. [18].
In our third scenario, BBH1, we assume that GW190814
was a BBH merger, i.e., that the secondary component
is a BH. This scenario is the contrary to NSBH1. In
this case, GW190814 leads to an additional upper limit
on Mmax, consistent with the upper bound of Ref. [18].
Finally, the scenario BBH2 is the contrary to NSBH2
and assumes GW190814 was a BBH merger but relaxes
the Mmax bound of Ref. [18]. The information on
GW190814’s secondary component’s mass measurement
is incorporated via the method described in Ref. [85]
with the posterior samples taken from Ref. [86].
Results - In the following, we discuss what we can
learn about the nature of GW190814 and the dense-
matter EOS probed in the core of NSs from our four
scenarios.
The nature of GW190814 - In Fig. 1, we compare
the posterior on Mmax of the NMMA analysis (blue),
Mmax = 2.18
+0.15
−0.14M, with the posterior of the mass
2.
5
2.
6
2.
7
m2[M¯]
0.
25
0.
50
0.
75
χ
2
0.
25
0.
50
0.
75
χ2
FIG. 2. Corner plot showing the posterior distribution of m2-
χ2 for GW190814. The dashed lines mark the 90% credible
intervals.
of the secondary component of GW190814 depending
on two choices for its spin: (1) χ2 < 0.05 (green), ex-
pected for NS, and (2) without any constraint on the
spin (black), which is relevant in case of a BH. Please
note that the posterior widens slightly if higher spins are
allowed, see Fig. 2. Furthermore, we show the posterior
of the NMMA analysis when we relax the upper bound
on Mmax of Ref. [18] (orange), Mmax = 2.30+0.34−0.25M.
NSBH1 is described by the overlap of the NMMA and
mass posteriors (blue and green). Due to the great ten-
sion between the upper limit onMmax extracted from the
BNS merger GW170817 [18] and the assumption that this
new object, close to the remnant mass of GW170817, is
a NS, this is the most restrictive of the four scenarios.
From the overlap of both posteriors, we can estimate the
probability that the secondary component of GW190814
had a mass below Mmax by using
P (∆m > 0)
=
∫ ∞
0
d∆m
∫ ∞
−∞
dmpMmax(m+ ∆m)pm2(m),
(1)
where ∆m ≡Mmax−m2, and pMmax(m) and pm2(m) are
the probability distribution for Mmax from the NMMA
analysis and the posterior on m2 from GW190814, re-
spectively. The overlap region is extremely small, and
hence, the probability P (∆m > 0) is less than 0.1%, in
excellent agreement with Ref. [63] with an upper limit on
Mmax. Neutron-star EOS for this maximum-mass range
are heavily penalized by the upper Mmax limit. In the
NSBH1 case, we find that the resulting Mmax is con-
strained to a very narrow range, Mmax = 2.53+0.05−0.05M;
4FIG. 3. Mass-radius relations for NSBH1 (left), NSBH2 (middle left), BBH1 (middle right) and BBH2 (right), and the
corresponding constraint on the radius of a typical neutron star, R1.4. We show all EOS in our set (gray) and the 95% credible
interval on the mass-radius relations that survive in each scenario (green-shaded areas). For comparison, we also show the 90%
credible interval of the mass of GW190814’s secondary component (blue). For NSBH1 and NSBH2, a constraint of χ2 < 0.05
is imposed, while it is relaxed for BBH1 and BBH2.
see the lower panel of Fig. 1. This finding is in good
agreement with the limit on Mmax obtained from spin-
polarized neutron matter in Ref. [87]. However, this
Mmax would imply that the remnant of GW170817 was
either a supramassive or long-lived NS, which is in con-
flict with the observed kilonova lightcurve and the GRB
afterglow, e.g., Ref. [16].
For NSBH2, the relaxation of the upper bound on
Mmax widens the NMMA posterior, see the orange curve
in Fig. 1. However, Mmax is still constrained to be
Mmax . 2.8M because of the required softness of the
EOS at low densities to be consistent with GW170817,
and the requirement for the EOS to explain the kilonova
observations within our kilonova models, that depend on
Mmax through disk ejecta [7, 88]. While GW190814 again
leads to an additional lower limit on Mmax, similarly to
NSBH1, the overlap region is now larger. This results in
an increase of P (∆m > 0) to about 14%. For NSBH2, we
find that Mmax is constrained to Mmax = 2.67+0.14−0.12M.
NSBH2 is also the ideal case to highlight the im-
portance of the various aspects of our NMMA analy-
sis. When including only nuclear-physics constraints and
heavy-pulsar masses, P (∆m > 0) ∼ 33% which even in-
creases to ∼ 44% when NICER data are included. This is
because heavy pulsars favor highMmax and NICER data
prefers stiff EOS that also tend to have higher Mmax.
The limitations on Mmax, and hence P (∆m > 0), stem
from the inclusion of the GW signal GW170817 and its
associated kilonova, which reduce P (∆m > 0) to ∼ 27%
and ∼ 16%, respectively. Finally, GW190425 reduces
P (∆m > 0) to the 14% quoted above.
For the scenario BBH1, the observation of GW190814
adds an upper limit on Mmax, which now excludes the
small overlap region of the blue and black curves in Fig. 1
(note, that for BBH1,2 we do not constrain χ2). In this
sense, BBH1 is the contrary of NSBH1, and the proba-
bility for the mass m2 of GW190814 to be above Mmax,
P (∆m < 0), is above 99.9%. As expected, this scenario
does not visibly impact the posterior on Mmax from the
NMMA analysis and we obtain Mmax = 2.18+0.15−0.14M.
Finally, BBH2 is the contrary to NSBH2. In this case,
we find P (∆m < 0) ∼ 86% and Mmax = 2.27+0.28−0.20M.
We summarize the findings for all four scenarios in
Table I. Our analysis strongly suggests that GW190814
was a BBH merger, as otherwise GW190814 would
introduce a strong tension with the results of our
NMMA analysis. Given the remnant mass of GW170817
of 2.7M, which is very close to the inferred m2 of
GW190814, and the likely scenario that the remnant of
GW170817 was, in fact, a BH, this seems to be the most
consistent scenario given all current observational and
theoretical knowledge of the NS EOS. Our findings are
consistent with Refs. [28, 63–65].
EOS constraints from GW190814 - Finally, we inves-
tigate the impact of our four scenarios on the EOS by
studying the mass-radius (MR) relation. This allows us
to provide testable predictions for the NS radius for these
four cases, and might help to fully pin down the nature
of GW190814 when more observations become available
in future.
For NSBH1 (P (∆m > 0) < 0.1 %), the strong tension
between the different constraints on Mmax translates to
a narrow posterior in the MR plane, which we show in
the left panel of Fig. 3. We find that in this case R1.4 is
constrained to be R1.4 = 12.4+0.3−0.3 km. That would be the
most stringent constraint on the NS radius to date. Also,
the posterior on MR remains rather tight in the mass
range (1.4 − 2.0)M and, hence, puts very strong con-
straints on the NS EOS. For NSBH2 (P (∆m > 0) ∼ 14
%), the constraints on the MR relation are less tight and
the posterior widens as expected, see middle left panel
of Fig. 3. The radius of a typical NS is found to be
R1.4 = 12.7
+0.6
−0.5 km, in good agreement with the deter-
minations by the LVC [28] and Ref. [63] for this scenario.
Both for the NSBH1 and NSBH2 scenarios, the EOS pos-
5TABLE I. Summary of the probabilities and the resulting posteriors on the NS maximum mass and radius of a typical NS for
the four scenarios analyzed in this work.
Scenario NSBH1 NSBH2 BBH1 BBH2
probability < 0.001 ∼ 0.14 > 0.999 ∼ 0.86
Mmax 2.53
+0.05
−0.05M 2.67
+0.14
−0.12M 2.18
+0.15
−0.14M 2.27
+0.28
−0.20M
R1.4 12.37
+0.32
−0.32 km 12.70
+0.55
−0.45 km 11.72
+0.99
−0.90 km 11.88
+0.87
−0.89 km
terior strongly suggests that the NS MR relation does
not have multiple stable branches, which would be in-
dicative of very strong first-order phase transitions [76].
For such EOS, Mmax is typically much smaller, see, e.g.,
Refs. [58, 76, 89, 90]. Furthermore, in particular NSBH2
now prefers the stiffest EOS included in our EOS set, and
its posterior is pushed against the upper bound of our
EOS prior. This behavior is observed also for the pres-
sure between (1 − 2)nsat, which is pushed towards the
upper prior bound. Therefore, NSBH2 might imply that
the QMC calculations employing local chiral EFT inter-
actions, which we use to constrain the EOSs, might break
down already below 1.5nsat. In particular, NSBH2 would
disfavor the softer Hamiltonian explored in Refs. [44, 53],
although it would not exclude it. A possible explanation
could be that higher-order many-body forces, that tend
to stiffen the EOS [70, 91], are crucial to describe NS
physics, see also Ref. [60].
Furthermore, NSBH2 suggests that the EOS would
need to remain stiff within the whole NS. While the orig-
inal NMMA analysis finds the maximum of the speed of
sound inside a NS, cs,max, to be c2s,max ≥ 0.4, for NSBH2
we find c2s,max ≥ 0.6. Hence, GW190814 being a NS-
BH merger might require us to revisit our current under-
standing of the EOS.
In the BBH1 and BBH2 scenarios, GW190814 adds
another upper limit on Mmax, which however, is much
weaker than the upper limit of Ref. [18]. Hence, for
BBH1, GW190814 does not add any additional informa-
tion and our result of Ref. [7], R1.4 = 11.7+1.0−0.9 km, is
reproduced. For BBH2, due to the limit on Mmax being
weaker, the radius posterior shifts to slightly larger radii,
and we find R1.4 = 11.9+0.9−0.9 km, which remains very
consistent with the findings in Ref. [7]. Because this
new upper limit would be more robust than the one of
Ref. [18], the BBH2 scenario would provide a verification
of the findings of the NMMA analysis if this scenario
was confirmed.
Summary - In this letter, we have investigated differ-
ent possible scenarios for the nature of GW190814. As-
suming that this compact merger was, in fact, a NS-BH
merger, we find strong constraints on the radius of a typ-
ical neutron star, R1.4 = 12.4+0.3−0.3 km (R1.4 = 12.7
+0.6
−0.5
km) in case upper limits on Mmax from GW170817 are
(not) enforced. If, on the other hand, GW190814 was a
BBH merger, than it is fully consistent with our current
knowledge of the EOS, and the radius of a typical NS
remains at R1.4 = 11.7+1.0−0.9 km (R1.4 = 11.9
+0.9
−0.9 km).
Based on the low probability of m2 to lie below Mmax
inferred from the NMMA analysis of Ref. [7], less than
0.1% (14%) if the upper limit on Mmax of Ref. [18]
is (not) included, our study strongly suggests that
GW190814 was a BBH merger. Similar events detected
in future will help to map out the maximum mass of NSs
and enable us to pin down the EOS of dense matter.
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